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ABSTRACT

Two methods for increasing the probability of success-
ful translunar injection (TLI) and the probability of mission
success are analyzed. The first method involves offloading SPS
propellant to reduce launch vehicle injected payload and satisfy
launch vehicle injection requirements. An optimal value for pro-
pellant offloaded is determined which maximizes the composite
probability of a successful translunar injection by the SIVB and
the probability of the successful completion of all required
spacecraft maneuvers in the presence of trajectory dispersions
and performance uncertainties. Using current 2¢ launch vehicle
baseline commitments applied to J missions with a control weight
spacecraft, it is shown that approximately 3/4 of the maximum SPS
propellant offload above the spacecraft 3¢ requirements should be
offloaded to achieve maximum assurance of mission success. For a
heavier spacecraft this fraction increases and in some cases maxi-

mum probability of success is achieved by maximum propellant off-
loading.

The second method consists of launching the spacecraft
with full SPS tanks and, for a certain range of off-nominal launch
situations where complete injection by the launch vehicle (SIVB)
is not possible, utilizing available spacecraft propellant margins
to complete the translunar injection. It is shown that this method
increases the probability of successful injection and mission suc-
cess. The magnitude of the increase is strongly dependent upon
how soon after SIVB engine cutoff the SPS corrective maneuver can
be performed. For a sufficiently early corrective maneuver this
method could be used to satisfy the two-sigma injection requirement

for certain missions where that constraint is violated for fully—
loaded SPS tanks, For later timeg the method zllows =2
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the minimum requlred propellant offloaded to meet the injection re-
quirement. For any amount of propellant offloading, the second
method always provides a higher probability of mission success.

It is assumed that normal probabilities can be associated
with the SIVB flight performance reserve propellant and the space-
craft dispersion propellant budget.
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TECHNICAL MEMORANDUM

INTRODUCTION

Many of the currently proposed lunar missions have size-
able Service Propulsion System (SPS) propellant margins with full
tanks over and above the propellant needed for required mission
maneuvers, a contingency AV budget of 600 ft/sec, and three-sigma
(30) trajectory dispersions and performance uncertainties. On the
other hand, J-mission CSM and LM weights with full spacecraft
propellant tanks may exceed the launch vehicle injected payload
capability. Two methods are proposed to satisfy mission energy
requirements and increase the probability of successful injection.

One of these methods is the reduction of SPS propel-
lant margin prior to launch. The question then arises as to how
much propellant should be offlocaded. It is possible to offload
the minimum amount of SPS propellant required to satisfy the
launch vehicle injected weight limit. However, since the current
SIVB flight performance reserves correspond to a two-sigma (20)
probability level of propellant non-depletion and since the space-
craft has a propellant margin above the nominal dispersion budget
which provides for a 30 probability level, it may be desirable to
offload more than the minimum propellant required. This would
have the effect of decreasing the injected weight, thereby increas-
ing the probability of a successful translunar injection (TLI) by
the launch vehicle at the expense of carrying less SPS propellant
margin above 30 requirements, which decreases the probability of
successfully performing the required spacecraft maneuvers in the
presence of dispersions and performance uncertainties. In this
memorandum an optimal value for offloaded SPS propellant is deter-
mined that maximizes a composite probability which is an indicator
of overall mission success. In the event of improved launch vehi-
cle performance prediction, the composite probability is maximized
using lower values of SPS propellant offloaded. The numerical
results generated in this memorandum serve primarily to ilius-
trate the optimization method. More specific results can be
obtained once operational trajectory data become available for
a specific mission.

The method of offloading described above assumes that
injection is completed by the SIVB stage of the launch vehicle. In
a second proposed method the mission is flown with full SPS tanks.
For a certain range of off-nominal injection situations exceeding
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the propellant capability of the SIVB, injection is performed by
burning the SIVB engine to propellant depletion and completing
the injection maneuver with spacecraft propellant reserves as
soon as possible after SIVB engine cutoff. This method is also
investigated and the probabilities of successful injection and
mission success associated with it are determined. It is also
shown that both methods, i.e. offloading and spacecraft comple-
tion of injection can be combined to satisfy injection require-
ments and increase the probability of mission success.

ANALYSIS

- Composite Probability of Mission Success

The nominal Apollo mission can be thought of as a
sequence of maneuvers all of which must be performed success-
fully. Therefore, we could attach a compound probability of
overall success to the mission given by

Phission ~ L/v " Fcsm ° FrM pEscent ° LM ASCENT °

success

. . (1)

where PL/V denotes the probability of a successful injection by
the launch vehicle, PCSM denotes the probability of successful

Command and Service Module Performance* (midcourse corrections,
LOI, TEI, etc.), P: M DESCENT denotes the probability of a suc-

cessful LM descent, etc. With regard to offloading SPS propel-
lant or completing injection with the spacecraft, only PL/V and

PCSM are affected; therefore, for present purposes all other

factors may be considered constant. Consequently we may maxi-
mize a measure of the probability of a successful mission by

maximizing the composite probability P where

C L/V = “CSM (2)

The probabilities P, ,, and P..,, are functions of launch vehicle
YA Lo

and spacecraft dispersions and the available propellant allocated
for such dispersions. If it is assumed that normal probabilities

*PCSM is a conditional probability, i.e., it is condi-

tional upon a successful injection by the launch vehicle.
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may be attached to the launch vehicle and spacecraft dispersion

allowances without introducing significant error, then PC can be

computed given the ¢ levels corresponding to the launch vehicle
and spacecraft dispersion budgets. The determination of these
o levels is considered in the following two sections.

* Launch Vehicle Sigma Level

Launch vehicle performance is concerned with vehicle
flight from lift-off to final SIVB engine cutoff. The SIVB
stage rocket engine nominally performs the final boost into earth
parking orbit and the translunar injection maneuver. A portion
of the SIVB propellant budget is designated as the Flight Per-
formance Reserve (FPR). This propellant reserve is distinct from
the Flight Geometry Reserve (FGR) and provides for a successful
injection in the presence of errors due to uncertainty in mass,
propulsion, aerodynamics, and environment. The determination of
a typical FPR is described in References 1 and 2. Current laun~h
vehicle baseline performance includes a 20 SIVB flight perfor-
mance budget, which corresponds to a one-sided* normal probability
«97725 of propellant non-depletion during injection. Launch vehi-
Cle performance provides 20 capability for a baseline payload
to be injected from a 90 NM earth parking orbit to a reference

energy of -8.05 x 106 ftz/sec2 plus a FGR allowance of 32.8 ft/sec.
Baseline payloads for J missions are presented in Reference 3.

For a specific mission several factors and options may
be used to increase the injected payload above the baseline value
while still maintaining the 2¢ flight performance reserve. These
include increased performance due to temperature and wind varia-
tions, propellant savings from a mission specific energy less
than the reference value and the use of a portion of the flight
geometry reserve.** Therefore, for a given mission and launch
vehicle, there exists a specific payload that may be injected with
a 20 probability of success. This weight denoted as ch is pre-

sented in Table I for several sample missions.

*Only those dispersions causing SIVB propellant con-
sumption above the nominal value may result in unsuccessful
injections. The same one-sided probabilities apply to the

cSrnarsAa~ra £
SpalClidiT,.

**Twenty-three of the 32.8 ft/sec FGR was budgeted to
account for variations in earth-moon geometry. On a mission
specific basis this allotment is not required (see Reference 4
for a discussion of the FGR).
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The maximum ¢ probability level for a complete injec-
tion by the SIVB with an injected weight W, different from ch

is approximated by

X

. = 2.0 + 9 1lb SIVB propellant
L/V : 91lb SIVB injected 1inert weight

9 sigma level ]

9 1b SIVB propellant Wy = Wy (3)

The exchange ratio: 1lb SIVB propellant/lb inert weight at injec-
tion is approximately .90. The value of SIVB propellant per sigma
is estimated at 966 1lbs, which would correspond to a 30 FPR of
2898 1lbs. Using these values,

o = 2.0 + .000942 (w20 - WI) (4)

L/v

The actual injected weight WI is obtained in terms of SPS pro-
pellant offloaded by means of the relation,

WI = WFULL sps " PROPELLANT OFFLOADED (5)

where WFULL sps = the injected weight corresponding to full SPS

tanks. These relations are employed to determine o
function of SPS propellant offloaded.

L/V as a

+ Spacecraft Sigma Level

The SPS propellant budget contains a nominal reserve
designated for dispersions. This budget provides the spacecraft
with 30 capability to perform all required maneuvers in the
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presence of initial state vector errors, navigation uncertainties,
guidance errors, and performance uncertainties (References 5 and
6). A typical SPS 3¢ dispersion budget for a J mission is
approximately 615 1lbs or 205 lbs/oc.

Many proposed J missions have sizeable SPS margins above
30 requirements. We can consider any existing propellant margin
as being added to the nominal dispersion budget thereby providing
a probability of successful spacecraft performance in excess of
the 30 level. The available ¢ level is approximated by

ScsM = 3.0 + (propellant margin above 30) /205 lbs/oc (6)

The end-of-mission propellant margin above 30 requirements, Feom
is related to propellant offloaded, For by means of (see Appendix

A.1)

Feom = Feomf ° 1 -5 (7)

where Fom = maximum possible propellant offloaded

Feomf = end-of-mission propellant margin with full SPS tanks

Values of the end-of-mission SPS propellant margin with full tanks
and maximum offloading limits are presented in Table I for

several sample missions. It can be noted that for all missions
the maximum propellant that can be offloaded is approximately
twice the end of mission propellant margin for a fully-tanked
mission. This is a result of diminished propellant requirements
as the spacecraft weight decreases due to offloading. Therefore,

W /D
- F /a

F v T
eom = ~eomf (o}

_—
(¢
T
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RESULTS FOR SPS PROPELLANT OFFLOADING (Injection by the SIVB Only)

Using the preceeding relations the composite proba-
bility P, was computed as a function of propellant offloaded for

six sample missions to three lunar landing sites. Two weight
models were considered for each mission: the first corresponding
to current control weights and the second including the effects

of possible growth and increased payload. These weight models

are described in Table II. Spacecraft weights for actual missions
will probably be between the control and growth weights. The
mission independent AV budget employed in the determination of

the propellant reserve with full SPS tanks and the maximum per-
missible offloading is described in Table III.

The results are presented in Figures 1-4 where compo-
site probability is presented as a function of the fraction of
the maximum possible propellant offloaded for missions to Marius
Hills, Descartes, Copernicus and Hadley. It should be noted that
actual propellant offloaded corresponding to a specified frac-
tional value depends upon the maximum value that can be offloaded
(above 30 requirements) and is therefore mission dependent. It
may be seen that for the control weight spacecraft the composite
probability is maximized by offloading approximately 3/4 of the
maximum possible in all cases. This optimal fraction increases
for the growth weight spacecraft, and for Copernicus maximizing the
composite probability requires that the maximum possible propel-
lant be offloaded. This increase in propellant offloaded to

obtain a maximum Po is due to the increased spacecraft weight.

As the injected weight increases, the constraining factor on the
composite probability is that due to the launch vehicle. This
factor is maximized by offloading as much as possible thereby
reducing the injected weight. The increase in composite proba-
bility from the fully-tanked spacecraft to the case of optimal
offloading is significant. For example a control-weight mis-
sion to Hadley (7/23/74) has a composite probability = .9934 with
full SPS tanks and a composite probability = .9999982 for the
optimally offloaded case.

The 20 launch vehicle constraint can be illustrated
by a horizontal line in Figures 1-4. When the fraction of SPS
propellant offloaded is small, the factor P is near unity and

CSM
the composite probability is essentially determined by the factor
rafnroe, +ha 1n+nrcan+1 on of +h1c 11r\c with the ~comnneil o

PL/ve Therefore, the ersectior the compesite

probability curves defines the minimum fraction of SPS propellant
that must be offloaded to maintain the 20 launch vehicle require-
ment. If the 20 line does not intersect the probability curve
for a given mission, then that mission can be flown with full SPS
tanks and not violate the 2¢ launch vehicle constraint. However,
it is clear from the cases illustrated that, even where possible,
flying the mission with full tanks does not maximize the compo-
site probability of mission success.
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When the 20 launch vehicle injected weight capability
is sufficiently large and/or there exists a sizeable SPS pro-
pellant margin for the mission, the factor PL/V will approach

unity when the maximum possible propellant is offloaded. When
this occurs the composite probability is essentially determined
by the factor Poom® It may be seen that, for all of the control

weight missions and most of the growth weight missions, the com-
posite probability approaches the 3¢ level when the maximum pos-
sible propellant is offloaded. This is due to the fact that in
the maximum offloaded state the SPS margin is zero and the space-
craft is operating at the 30 or nominal dispersion budget level.

As might be expected, the maximum value of composite
probability for a given mission with a growth weight spacecraft
is less than that for a control weight spacecraft. This decrease
can be considered as a penalty paid in the composite probability,
which is directly related to the probability of mission success,
as a result of the additional spacecraft weight.

In Figures 5 and 6 the o probability levels for the
spacecraft and launch vehicle are presented as functions of the
fraction of SPS propellant offloaded for four sample missions
with a control and growth weight spacecraft respectively. The
optimal values of propellant offloaded are depicted by vertical
lines. It may be noted that maximum composite probability occurs
when the ¢ levels for the launch vehicle and spacecraft are
approximately equal. An exception to this occurs when the GL/V

and Ocgy Curves for a given mission do not intersect e.gq.

Copernicus (1/28/74, growth weight) in which case the optimal
offloading ratio equals one.

INCOMPLETE INJECTION BY THE SIVB STAGE

« Analysis

From the previous results it is clear that offloading

SPS propellant can result in an increased probability of mission
success. For the missions considered where the fully-tanked
spacecraft violates the 20 launch vehicle constraint, offloading
can be employed to satisfy that constraint. The intuitive disad-
vantage of offloading lies in the fact that, if launch vehicle
performance is near nominal, we have given up a propellant reserve
which might be useful in a later contingency situation.

An alternative method of increasing the probability of
injection and mission success is to fly the mission with full

SPS tanks and to allow for the possibility of completing TLI
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with the SPS for a certain set of off-nominal situations. For
a given mission, launch vehicle, and a specified amount of pro-
pellant offloaded, it has been established that there exists a
maximum SIVB o probability level (equation 4) for which com-
plete injection by the SIVB engine is possible, utilizing the
entire flight performance reserve. Suppose that the launch
vehicle performance is sufficiently off-nominal such that a
completed translunar injection would require more than the pro-
vided FPR. 1In other words, an SIVB propellant deficit, FSIVBd’

exists and it is not possible for the SIVB to complete the TLI
maneuver. At this point a decision to abort the mission or per-
form an alternate mission might be required (Reference 7). How-
ever, it may be possible to perform the TLI maneuver by burning
the SIVB engine to propellant depletion resulting in an incom-
plete injection and completing the injection maneuver with

available spacecraft propellant as soon as possible after SIVB
engine cutoff.

An estimation of the spacecraft propellant required
to complete the translunar injection in the event of incomplete
injection by the SIVB is described in Appendix B. It is shown
for example that approximately four 1lbs of spacecraft propellant
are required for each lb of SIVB propellant deficit when the
corrective spacecraft maneuver is performed four hours after
SIVB engine shutdown. Required spacecraft propellant for other
corrective maneuver times is presented in Table IV. It is
important to note, however, that the spacecraft propellant avail-
able for the corrective maneuver is greater than the end of
mission spacecraft propellant reserve above 30 requirements. In
fact the maximum available spacecraft propellant, FSPSI(MAX)'

is shown (Appendix A.2) to be equal to

— _ﬂn_ '}
Fsps1 (MAX) F Foom 2 2 Feonm (9)

where F

F are defined on Page 5 and Fo is given by

om’ ~“eomf om
equation (7). For current missions and spacecraft weights the
propellant available at injection is approximately twice the end
of mission reserve. This effect is due to the fact that by
utilizing the spacecraft propellant we are essentially performing
an offloading operation which reduces spacecraft weight and
propellant requirements for the later phases of the mission.
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- Increased Composite Probability

When the option of completing TLI with spacecraft pro-
pellant is included the composite probability of mission success
defined by equation (2) increases. This is true since for all
cases where the SIVB sigma propellant level* is less than the
limiting value defined in equation (4), injection by the SIVB
alone is possible and in addition there exists another set of
further off-nominal cases where injection can be completed by
the spacecraft and subsequent phases of the mission performed
successfully.

The increase in composite probability is readily des-
cribed as a sum of individual terms. Each term consists of the
probability that the equivalent** SIVB sigma propellant level
lies in a certain range multiplied by the probability of suc-
cessful spacecraft performance in that event. The probability
of successful spacecraft performance in each term is therefore
conditional upon the equivalent SIVB sigma propellant level,
9a1vB* When the sigma propellant level required for injection

is less than the limiting value for complete injection by the
SIVB, the probability of successful spacecraft performance is
found from equation (6) and is independent of the sigma propel-
lant level required. When the required sigma propellant level

exceeds oLV the probability of successful spacecraft perfor-

mance is diminished in accordance with the amount of SPS pro-
pellant required to complete the injection. The increased com-
posite probability, PC’ is therefore expressible as

°g1vB - Y1
PC = PL/V . PCSM + 5 z - s P(O —l < O'SIVB < Oi) L4 PCSMi (10)
SIVB o

*Sigma propellant level is the required propellant
relative to the nominal propellant expenditure in terms of its
sigma value. For example an SIVB propellant requirement of
2898 1bs. above the nominal requirement is the same as a 30
propellant level (966 1lbs/g).

**Phe use of the word equivalent denotes the fact that
SIVB propellant above the sigma value defined by equation (4)
is not available. However, the use of spacecraft propellant is
eguivalent to assuming that an additional SIVB reserve exists.
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= = * = i i
where 9% on/vr %3 0;.1 t Ao* and 01 the maximum sigma level

for a successful injection utilizing all available SPS propellant
above the 30 spacecraft reserves (Appendix B). The terms Posm

i
are calculated by determining the amount of SPS propellant expended
to complete injection as a function of Og1yp 25 described in

Appendix B, redefining the SPS propellant margin and using equa-
tion (6).

- Results

Using the above analysis the composite probability for
injection by the SIVB alone or by the SIVB and spacecraft was
determined. The results are illustrated in Figures 7-12 for
several sample missions with control- and growth-weight space-
crafts. Composite probabilities corresponding to possible injec-
tion by the SIVB alone or by the SIVB and spacecraft are pre-
sented as a function of fraction of SPS propellant offloaded for
several times at which the SPS injection completion maneuver
might be performed. The time designated as zero hours represents
a hypothetical limiting case where injection is completed by the
spacecraft immediately after SIVB engine cutoff. For compari-
tive purposes the composite probability corresponding to injec-
tion by the SIVB only is again presented. The composite proba-
bilities for fully~loaded SPS tanks lie on the vertical line
corresponding to zero fraction of SPS propellant offloaded.

It is clear from Figures 7-12 that the option of com-
pleting injection with the spacecraft can increase the composite
probability significantly depending upon how soon after SIVB
cutoff the injection can be completed. The significant decrease
in composite probability over a time span of several hours after
SIVB cutoff is due to the rapid decrease in spacecraft velocity
which in turn results in greater required propellant expenditures
to make up the energy deficit caused by premature '‘SIVB cutoff.
It can also be seen that the optimal value of SPS propellant
offloaded varies from zero when injection is performed immedi-
ately after SIVB cutoff to the optimal value for injection by
the SIVB only, as the time after SIVB cutoff increases and the
spacecraft reserve exerts a negligible effe¢t on the injection.
It may be noted, however, that for times of injection completion
greater than two hours the optimal offload fraction is essen-
tially the same as in the case where injection is performed by
the SIVB only.

*Ac is a suitable step size used in the numerical
calculation of the summation term in equation (10).
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Allowing injection completion by the spacecraft
increases the sigma probability level for a successful TLI.
This increased sigma level, Ops is presented in Figures 13-15

as a function of fraction of SPS propellant offloaded for dif-
ferent spacecraft corrective maneuver times. The cases illus-
trated are growth-weight missions where the two-sigma injection*
constraint is violated with full SPS tanks. The sigma level for
successful injection using the SIVB only, oLV is also presented

for comparative purposes. The figures indicate that the sigma
level for successful injection can be increased significantly
depending upon how soon after SIVB cutoff injection is completed
by the spacecraft. For example, the figures indicate that the
injection sigma level for growth-weight fully-tanked missions

to Descartes and Hadley can be increased by approximately 0.7

by performing the corrective maneuver two hours after SIVB cut-
off. This is equivelent to an additional SIVB performance reserve
of .70 x 966 1lbs/o = 676 lbs. For lighter spacecraft, greater
increases are possible arising from larger SPS propellant margins.
Therefore, if the injection completion is performed soon enough
after SIVB cutoff the two-sigma injection constraint can be satis-
fied for certain fully-tanked SPS missions. For later times of
injection completion the method can be used to reduce the minimum
amount of offloaded propellant required to satisfy the injection
constraint. It should also be noted that the results of Figures
13-15 depend only on the launch vehicle sigma level and the avail-
able spacecraft propellant to complete the injection and are not
dependent upon the association of normal probabilities with the
spacecraft dispersion budget.

DISCUSSION

« Examination of Methods

From the previous results it is possible to draw cer-
tain conclusions about the relative merits of offloading SPS
propellant prior to launch and allowing for completing of injec-
tion by the spacecraft in certain off-nominal situations.

From Figures 1-6 it is clear that offloading the
optimal fraction of SPS propellant satisfies the 20 injection
requirement and significantly increases the probability of mis-
sion success. The disadvantage of SPS propellant offloading
arises from the fact that if launch vehicle performance is near-
nominal, a propellant reserve has been lost which might be
required in a contingency situation.

*The current two-sigma launch vehicle injection require-
ment is replaced here by a general two-sigma injection requirement
since injection is no longer performed solely by the launch
vehicle.
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Allowing for completion of injection by the spacecraft
for a certain set of off-nominal launch situations can eliminate
or at least reduce the minimum offloading requirement to satisfy
the 20 injection constraint, thereby providing additional space-
craft propellant for contingencies in the event of a near nominal
launch. It is shown in Figures 13-15 that this option can be used
to meet 20 injection requirements for a growth-weight spacecraft
with full SPS tanks if the SPS correction can be made sufficiently
soon after SIVB cutoff. If this is not possible then the method
at least reduces the fraction of required propellant offloaded to
satisfy the injection constraint. From Figures 7-12 it is readily
seen that this option increases the probability of mission suc-
cess for any propellant offloading. However, when this option
is applied to a fully-tanked spacecraft, the composite probability
is less than that attainable by optimal offloading unless the
injection can be completed very soon (< 2 HR) after SIVB cutoff.

It is important to note that both methods can be used
in combination. That is, partial offloading and possible space-
craft completion of injection could be employed to satisfy the
injection constraint and increase probability of mission success.

« Effect of Improved Launch Vehicle Performance

The previous results were generated using a 20 base-
line payload probability level. In the event of possible improve-
ments in launch vehicle performance, the launch vehicle sigma
levels for the baseline injected weights considered here would
increase. The effect of an increase in baseline launch vehicle
sigma level is illustrated in Figures 16-19 where composite pro-
bability is presented as a function of fractional SPS propellant
offloaded above 3¢ requirements for several values of baseline
launch vehicle sigma level. The cases illustrated are control
and growth weight spacecraft missions to Descartes and Copernicus.
It may be seen from the figures that the effect of a higher base-
line launch vehicle sigma level is to increase the composite
probability and decrease the optimal offloading fraction.

+ Assumption of Normality

The analysis presented herein represents a general
method and criteria that can be applied to the determination of
optimal SPS propellant offloading and the effectiveness of com-
pleting injection with the spacecraft. The specific results in
Figures 1-4, 7-12 and 16-19 are keyed to the assumption that
that normal probabilities may be attached to the launch vehicle

and spacecraft dispersions budgets.
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This assumption is probably quite good for the launch
vehicle FPR since the assumptions of statistical independence of
perturbing variables and linearity between flight parameter vari-
ables and perturbation variables* are employed in the determina-
tion of the FPR and are shown to be fairly accurate for most error
sources (References 1 and 2). The assumption violated most fre-
questly is that of linearity between the perturbations and
resulting dispersions. When this occurs positive and negative
dispersions are combined separately. Although the method is
not completely accurate in defining flight parameter dispersions,
it is justified by its ease of implementation and the fact that
the accuracy of the method may well be greater than the accuracy
to which the perturbations are known.

The spacecraft dispersion budget represents a statis-
tical sum of propellant dispersions for all SPS spacecraft
maneuvers. The major contributions arise from the first trans-
lunar midcourse correction, LOI, and TEI. To test the assump-
tion of attaching normal probabilities to the spacecraft disper-
sion budget, Monte Carlo samples of SPS propellant expended for
the above three maneuvers were obtained from MSC for a represen-
tative mission.** The frequency distributions for the maneuvers
were added statistically assuming statistical independence between
samples to obtain a frequency distribution for the spacecraft
dispersion budget. The cumulative probability for this distri-
bution is presented in Figure 20 along with the cumulative pro-
bability for an equivalent normal distribution having the same
mean and variance. It may be seen from Figure 20 that the two
probability curves are in good agreement. This suggests that
the assumption of normal probabilities for the spacecraft dis-
persion budget is a reasonable one.

CONCLUSIONS

Offloading SPS propellant reserves is a feasible method
for satisfying two-sigma injection requirements and increasing
the probability of mission success. By assuming normal proba-
bilities for the launch vehicle and spacecraft propellant dis-
persion budgets it is shown that for a given mission and launch

*When these conditions are met and the perturbing
iables are normally distributed, the flight parameter dis-
s, e.g. SIVB propellant, are also normally distributed.

**Apollo 13 data.
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vehicle there exists an optimal value for SPS propellant offloaded
which maximizes probability of mission success. The results for
sample missions to Marius Hills, Descartes, Copernicus, and Hadley
indicate that for current 2¢ launch vehicle baseline commitments
and a control-weight spacecraft, approximately 3/4 of the maxi-
mum possible SPS propellant offload above the spacecraft 3¢ re-
quirements should be offloaded to guarantee maximum probability

of mission success. For a heavier spacecraft this ratio increases

and may equal unity in some cases thus requiring maximum propel-
lant offloading.

The option of performing the injection by burning the
SIVB to propellant depletion and completing the injection with
spacecraft propellant reserves may also be used to increase the
sigma level for a successful TLI and the probability of mission
success. The extent of this increase is strongly dependent upon
how soon after SIVB cutoff the injection can be completed by the
spacecraft. For sufficiently early times this method can be used
to satisfy injection requirements for certain growth weight mis-
sions with full SPS tanks. For later times this option can be
used to reduce the minimum required propellant offloaded to sat-
isfy the two-sigma injection constraint.

R J. Zeer

2013-RJS-slr R. J. Stern

Attachments




APPENDIX A

A.l End of Mission Propellant Reserve as a Function of
Fuel Offloaded.

Given an end-of-mission propellant margin with initially
fully-loaded SPS tanks Feomf’ the end-of-mission propellant mar-

gin resulting when a given amount of propellant, FO, is offloaded
is given by,

Feom = Foomf - F, + rF (A-1)

where r is a constant exchange ratio of pounds of SPS propellant
used for the mission per pound of spacecraft weight. The last

term represents the reduction in propellant required because the
spacecraft is lighter by an amount Fg. The exchange ratio r can

be defined by noting that Feom = 0 when Fo is at its maximum
value Fom+ Therefore

F
r=1 - eomf (A-2)
om
and substituting into equation (A-1l) we have
Fo
F =F 1 - — (A-3)
eom eomf Fom

as presented in the section entitled Spacecraft Dispersion Budget
(equation 7).




A.2 Propellant Available for Completion of the Injection
Maneuver by the Spacecraft

The end of mission propellant reserve, Féom existing

after a corrective maneuver by the spacecraft is given by

Feom = Feom = (1-¥)Fgpgy (A-4)
where Feom’ r are defined above and FSPSI = the SPS propellant

used to complete the translunar injection. The maximum value of

available propellant (above 30 requirements) is obtained by

setting Feom = 0.

Fsps1(Max) = Feom” (177) (A-5)

Substituting for r we obtain,

om

F = « F (A-6)
SPSI (MAX) Feomf eom

For current mission weights the ratio in parenthesis is approxi-
mately two and the available SPS propellant for completing the
injection maneuver is therefore approximately twice the end of
mission propellant reserve.
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APPENDIX B

Estimate of Spacecraft Propellant

Required to Complete TLI

Consider an off-nominal launch situation where a com-
plete injection would require more SIVB propellant than is avail-
able. This propellant deficit is readily converted to a charac-
teristic velocity deficit by means of the exchange ratio of
10.3 lbs SIVB propellant per ft/sec. The effect of incomplete
injection by the SIVB was simulated by subtracting a AV deficit
from the nominal velocity at TLI while maintaining the nominal
injection position, and velocity direction. This impulsive
approximation is reasonable since an SIVB propellant reserve of
one thousand lbs is expended in approximately two seconds.

The resulting trajectory was then propagated conically
for specified time intervals up to ten hours after SIVB cutoff
and the position and velocity of the spacecraft was determined.
For each position the required velocity to retarget the nominal
mission was found based on achieving the nominal time of lunar
landing and number of revolutions in lunar orbit, post LOI, and
minimizing LOI AV. The required velocity and current spacecraft
velocity were then differenced to obtain the AV to complete injec-
tion from which the required SPS propellant was calculated.

The results of this conic simulation are found in
Table IV where seveéral exchange ratios relating required SPS
propellant to SIVB deficits are presented. The exchange ratio
lbs SPS propellant per AOSIVB' where AOSIVB = the increase in

equivalent SIVB ¢ propellant level that would be required to
complete the injection, is of importance since it determines the
increase in the sigma level for a successful injection. The maxi-

mum increase in AOSIVB is attained when all the available space-

craft propellant (above 30 requirements) FSPSI(MAX) is employed.
Therefore

AOSIVB(MAX) = FSPSI(MAX)/le SPS propellant per Aog1ym (B-1)



Thus by allowing injection completion by the spacecraft the
maximum sigma level for a successful injection is increased by

AOSIVB(MAX) and is given by

o = C

T + Ao

L/V STVB (MAX) (B-2)
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TABLE II

WEIGHT MODELS

CSM Weight less payload
CSM payload

CSM Weight

LM Weight less payload
LM payload

LM Weight

SPS usable propellant
SPS unusable propellant

Tanked SPS propellant

CSM Weight

LM weight

SPS propellant
SLA

Injected weight with
full SPS tanks

Control Weight

Spacecraft

25,000
750

25,750

35,150
850

36,000

39,410

1,190

40,600

25,750
36,000
40,600

4,150

106,500

* From March, 1970 ASSB Meeting

Growth Weight?*
Spacecraft

25,450
1,000

26,450

35,331
1,000

36,331

39,410
1,190

40,600

26,450
36,331
40,600

4,100

107, 481
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